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The role of eye movements in the perception of depth from motion was investigated in esotropia. Elevated motion parallax thresholds
have been shown in strabismus [Thompson, A. M., & Nawrot, M. (1999). Abnormal depth perception from motion parallax in ambly-
opic observers. Vision Research, 39, 1407–1413] suggesting a global deﬁcit in depth perception involving both stereopsis and motion.
However, this motion parallax deﬁcit in strabismus might be better explained by the role that eye movements play in motion parallax
[Nawrot, M., & Joyce, L. (2006). The pursuit theory of motion parallax. Vision Research, 46, 4709–4725]. Esotropia is associated with
asymmetric pursuit and optokinetic response eye movements [Demer, J. L., & von Noorden, G. K. (1988). Optokinetic asymmetry in
esotropia. Journal of Pediatric Ophthalmology and Strabismus, 25, 286–292; Schor, C. M., & Levi, D. M. (1980). Disturbances of
small-ﬁeld horizontal and vertical optokinetic nystagmus in amblyopia. Investigative Ophthalmology and Visual Science, 19, 851–864;
Tychsen, L., & Lisberger, S. G. (1986). Maldevelopment of visual motion processing in humans who had strabismus with onset in
infancy. The Journal of Neuroscience, 6, 2495–2508; [Westall, C. A., Eizenman, M., Kraft, S. P., Panton, C. M., Chatterjee, S., & Siges-
mund, D. (1998). Cortical binocularity and monocular optokinetic asymmetry in early-onset esotropia. Investigative Ophthalmology and
Visual Science, 39, 1352–1360.]. The ﬁrst experiment demonstrates that the motion parallax deﬁcit in esotropia mirrors the pursuit eye
movement asymmetry: in the direction of normal pursuit, esotropic observers had normal depth from motion parallax. A second set of
experiments, conducted in normal observers, demonstrates that this motion parallax deﬁcit is not a secondary problem due to the retinal
slip created by inadequate pursuit. These results underscore the role of pursuit eye movements in the perception of depth from motion
parallax.
 2008 Elsevier Ltd. All rights reserved.
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Motion parallax, the relative movement of objects in a
scene created by an observer’s own translation, is a power-
ful and important visual cue to depth. However, an objects’
direction of motion on the observer’s retina is ambiguous
as to whether the object is nearer or farther than the point
of ﬁxation. Recent work on the neural mechanisms
involved in the visual perception of depth from motion par-
allax suggests that the slow eye movement system, the pur-0042-6989/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.12.010
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E-mail address: mark.nawrot@ndsu.edu (M. Nawrot).suit system in particular, provides a crucial extra-retinal
signal necessary for the unambiguous perception of depth
from motion parallax (Naji & Freeman, 2004; Nawrot,
2003a; Nawrot & Joyce, 2006). Because there is no infor-
mation in the visual motion on the retina telling the visual
system which motion is near or far in depth, the visual sys-
tem must rely on this extra-retinal source of information to
disambiguate perceived depth sign in motion parallax.
As an observer translates, producing motion parallax,
the observer’s eyes move to compensate for the translation
and thereby stabilize the image of a particular foveated
object in the moving scene (see Miles, 1998 for a review).
This compensatory eye movement is a combination of
800 M. Nawrot et al. / Vision Research 48 (2008) 799–808translational vestibular ocular response and visually-driven
pursuit, depending on the head movement and viewing dis-
tance (Nawrot, 2003b). The direction of the compensatory
pursuit eye movement component provides the visual sys-
tem with extra-retinal information equivalent to knowing
the direction of observer translation. Therefore retinal
motion information, along with extra-retinal eye move-
ment information, can be used to determine the relative
depth of objects in a scene. For instance, while the foveated
object remains stationary on the retina, objects farther in
depth appear to move in the direction of observer transla-
tion. In terms of the retinal and extra-retinal information,
here the retinal motion is in the same direction as the com-
pensatory eye movement. Conversely, objects nearer in
depth appear to move in the direction opposite observer
translation. In terms of the retinal and extra-retinal infor-
mation, here the retinal motion is in the direction opposite
the compensatory eye movement. The visual system recov-
ers relative depth information from knowing the direction
of retinal motion and knowing the direction of the pursuit
signal. This has been previously described as the pursuit
theory of motion parallax (Nawrot & Joyce, 2006).
If the unambiguous perception of depth from motion
parallax relies on the pursuit system, then any challenge
that reduces the eﬃcacy of the pursuit system may produce
a concomitant deﬁcit in the perception of depth from
motion parallax. To test this hypothesis, Nawrot, Norden-
strom, and Olson (2004) used ethanol intoxication to dis-
rupt the pursuit eye movement system. They found that
ethanol intoxication reduced pursuit gain values and
increased motion parallax thresholds, while motion percep-
tion and binocular stereopsis remained unaﬀected.
Strabismic or esotropic observers provide another
opportunity to test this hypothesis linking abnormal pur-
suit to abnormal depth from motion parallax. Thompson
and Nawrot (1999) have previously shown that strabismic
observers have diﬃculty with the perception of depth from
motion parallax. They suggested that their ﬁnding was due
to a global depth perception problem linked to the well-
known deﬁcit in binocular stereopsis typically accompany-
ing strabismus. A new alternative explanation, suggested
by our new understanding of the role of pursuit in motion
parallax, must also be considered. That is, a proportion of
esotropic observers have pursuit eye movement asymme-
tries (Tychsen & Lisberger, 1986), and these pursuit deﬁcits
could be the source of the deﬁcit in the perception of depth
from motion parallax. More speciﬁcally, esotropic observ-
ers tend to have normal pursuit in the temporo-nasal (TN)
direction, but low gain pursuit in the naso-temporal (NT)
direction. This asymmetry is found both in the aﬀected
and fellow eye, meaning that each eye is more accurate
when tracking towards the nose than when tracking away
from the nose. The same asymmetry is found with optoki-
netic response (OKR) eye movements, (Demer & von
Noorden, 1988; Schor & Levi, 1980; Westall & Shute,
1992; Westall, Woodhouse, & Brown, 1989; Westall
et al., 1998), and this slow eye movement asymmetry iseven found in strabismic primates (Kiorpes, Walton,
O’Keefe, Movshon, & Lisberger, 1996; Tychsen & Boothe,
1996).
While the rotational vestibular ocular response (VOR) is
normal in esotropia (Tychsen, Hurtig, & Scott, 1985), it is
unknown whether the translational vestibular ocular
response (TVOR) is aﬀected by esotropia. The RVOR
and TVOR are two separate systems that have diﬀerent
dynamics and diﬀerent visual/vestibular interactions (Miles
& Busettini, 1992). For the most part, the RVOR provides
accurate compensatory eye movements during head rota-
tions. To maintain ﬁxation during lateral head translation,
the eyes compensate with a combination of otolith-driven
TVOR and visually-driven pursuit-like eye movements
(Miles & Busettini, 1992). The visually-driven eye move-
ment component is crucial for the perception of depth sign
in motion parallax, and is an eye movement component
known to be aﬀected in esotropia. However, to ensure that
a TVOR dysfunction is not a contributing factor, it was
necessary to collect TVOR eye movements in this experi-
ment, in addition to pursuit eye movements.
2. Experiment 1
If esotropic observers exhibit a speciﬁc pursuit asymme-
try, and if pursuit plays a crucial role in the perception of
depth from motion parallax, then a speciﬁc motion paral-
lax asymmetry should be found in these esotropic observ-
ers. In head translation conditions that require the
observer to generate an NT pursuit eye movement (which
have low gain, and are made in addition to any TVOR),
the perception of depth from motion parallax should be
aﬀected and elevated motion parallax thresholds should
be found. However, in head translation conditions that
require a TN pursuit eye movement (normal gain) motion
parallax thresholds should be normal.
2.1. Methods
Whether a speciﬁc viewing condition requires a NT or a
TN pursuit eye movement depends both on the direction of
head translation and on the particular eye used to observe
the stimulus. Therefore it is necessary to determine motion
parallax thresholds separately for each eye and for each
direction of head translation. This allows the isolation of
NT and TN eye movements. For instance, a leftward head
translation generates a compensatory pursuit signal to the
right (Fig. 1). However, this rightward eye movement is TN
(normal gain) for the left eye, but is NT (low gain) for the
right eye. The reverse is found for head translations to the
right. These TN and NT conditions were confounded in
Thompson and Nawrot (1999) as their observers were
allowed to translate their head back and forth without
restriction and without the appropriate control of the
visual stimulus. In the current experiment the motion par-
allax stimuli are only presented to the observer during head
movement in one direction and are not shown during head
Leftward Rightward
Left Eye
Right Eye
Head movement direction
NT
TN
TN
NT
Fig. 1. Esotropic observers who display eye movement asymmetries tend
to have normal pursuit in the temporo-nasal (TN) direction (large grey
arrows) in each eye, but poor pursuit in the naso-temporal (NT) direction
(small black arrows) in each eye. Shown are the combinations between the
direction of head translation (white arrow), eye used (one eye occluded),
and the resulting eye movement anticipated.
M. Nawrot et al. / Vision Research 48 (2008) 799–808 801movement in the opposite direction. This allows separate
thresholds to be determined for NT and TN eye move-
ments in each eye.2.1.1. Participants
Seven esotropic observers were identiﬁed and recruited
as part of an extra-credit participant-pool screening ques-
tionnaire given to over 1000 introductory psychology stu-
dents. Participants self-reported a combination of a
history of strabismus or esotropia, having an eye misalign-
ment as a child, wearing a patch over one eye as a child,
having eye alignment surgery, or having poor depth per-
ception. All seven observers volunteered to participate after
being informed of the purpose and method of the study.2.1.2. Apparatus
Basic visual function was assessed using 10 ft visual acu-
ity and Pelli-Robson contrast sensitivity (Clement–Clarke,
Columbus, OH). Stereopsis was assessed with the Randot
and the Stereo-Fly tests (Stereo Optical Company, Chi-
cago, IL).
The motion parallax stimuli were generated by a Macin-
tosh computer and presented on a monitor at a viewing dis-
tance of 57 cm. Observers were seated with heads resting in
a headrest that was free to translate laterally along the
observer’s inter-aural axis. The headrest moved along a
set of rails upon linear bearings that required a force of less
than 1N. The headrest could translate a distance of 22 cm,
but observers typically used the central 12 cm of travel.
Position of the headrest was measured with a linear poten-tiometer (ETI Systems, Carlsbad, CA) linked to the display
computer with a 16-bit analog-to-digital converter (ADC)
(National Instruments; Austin, TX). The analog samplings
of headrest position were synchronized to the refresh of the
display, had a resolution of 0.1 mm, and had excellent
stop-to-stop linearity (r2 = .999). While the headrest
allowed side-to-side translation, it also reduced head trans-
lations and rotations in the other ﬁve dimensions.
Horizontal eye movements were measured with a head-
mounted, infrared limbus tracking system (Skalar; Delft,
The Netherlands). Each eye was recorded individually
while the other eye was patched. The output voltage from
the eye tracker was digitized by the ADC and was recorded
by the display computer. A brief calibration was conducted
before each recording.
2.1.3. Stimuli
The stimuli were computer-generated random-dot
motion parallax stimuli (Rogers & Graham, 1979), similar
to those used by Thompson and Nawrot (1999). These ran-
dom-dot stimuli depicted a corrugated surface undulating
in depth in and out of the plane of the monitor face. The
psychophysical task was a depth-phase judgment wherein
the observer was asked to report which portions of the
stimulus appeared nearer or farther away than the ﬁxation
point.
The stimulus comprised 7500 small (2  2 min), ran-
domly positioned, black dots within a 13.3  13.3 degree
stimulus window upon a white monitor face. A thin black
line at the horizontal meridian delineated the upper and
lower halves of the stimulus. A small ﬁxation point was
drawn at the center of the stimulus. Motion parallax was
generated within this stimulus window by yoking local
dot translations to the lateral head translations made by
the observer. The computer used voltage changes across
the linear potentiometer to determine observer head posi-
tion. Knowing observer head position, stimulus dots were
translated laterally on the monitor to create the appropri-
ate motion parallax stimulus. Dots depicting a peak (near
depth) in the corrugation were translated in the direction
opposite the observer’s translation with the magnitude of
the dot translation determined by a vertically oriented sinu-
soidal function. Conversely, dots depicting a valley (far
depth) were translated in the direction of the observer’s
head translation. The spatial frequency of the depth corru-
gation was 0.4 cycles/deg, the frequency of peak sensitivity
in these motion parallax displays (Rogers & Graham,
1982). The phase of the depth corrugation, whether a peak
or valley appeared above or below the horizontal meridian
and ﬁxation spot, was varied randomly between trials.
In consideration of the geometric similarity between
motion parallax and binocular stereopsis, motion parallax
stimuli have traditionally been quantiﬁed in a manner very
similar to retinal disparity in binocular stereopsis. For
motion parallax, the term disparity equivalence (DE)
denotes the magnitude of maximum dot translation (e.g.,
peak and valley) generated by a head translation of
802 M. Nawrot et al. / Vision Research 48 (2008) 799–8086.5 cm, the distance between the two eyes that gives rise to
the retinal disparity in binocular stereopsis. Thresholds in
this experiment, the smallest amount of depth from motion
parallax for which the observer reported the correct depth-
phase, are recorded in minutes of DE.
2.1.4. Procedure
For each eye, two interleaved staircases were used to
determine separate motion parallax thresholds for head
movements to the left, and to the right. To allow repeated
viewing of the stimulus, but not confound the direction of
eye movement, as the observer moved from side-to-side,
the random-dot stimulus was displayed only when the head
was translating in the particular direction for that trial. The
stimulus was blanked, leaving only the ﬁxation spot visible,
when the observer’s head was stationary or moving in the
opposite direction. Both staircases began at 15 min DE,
the independent variable manipulated within the staircase.
The ﬁrst two downward steps of a staircase were 5 min DE
steps. All other steps were 1 min DE. The staircases tracked
to estimate a 79% threshold (Wetherill & Levitt, 1965). The
staircases had a ceiling of 20 min DE and a ﬂoor of 1 min
DE. The head movement direction for the ﬁrst trial was
randomly selected. The head movement direction for which
the stimulus was presented alternated for subsequent trials
until one of the two staircases ended, after which the
remaining staircase progressed alone until completed.
The observer’s task was to report the perceived depth-
phase of the motion parallax stimulus. A correct response
on the task (e.g., matching normal observers and predicted
by the pursuit theory of motion parallax) moved the stair-
case towards stimuli with less depth (lower DE) and incor-
rect performance moved the staircase towards stimuli
depicting greater depth (more DE). To understand the pre-
dicted depth percept, consider a trial in which the observer
viewed with the right eye and the stimulus was displayed
during head translations to the right. Also, during the stim-
ulus presentation, dots above the horizontal meridian
moved leftward, while dots below the meridian moved
rightward. In this condition the observer would be making
leftward (TN) eye movements when the motion parallax
stimulus would be presented. The pursuit theory (Nawrot
& Joyce, 2006) indicates that the dots moving in the same
direction as the pursuit signal will be perceived nearer in
depth. Therefore the correct depth-phase in this condition
stimulus would be the top of the stimulus near and the bot-
tom of the stimulus far in depth. Moreover, since the eso-
tropic observer is making a TN eye movement (which are
typically normal in esotropia), the esotropic observer
should be expected to generate the correct depth-phase
response in this trial.
Each eye was tested separately, and observers wore an
eye patch over the non-tested eye. Observers used a key-
press to initiate each trial. Observers were asked to trans-
late their head from side-to-side every second or faster,
corresponding to a head translation frequency between
0.5 and 0.75 Hz. Observers were given unlimited viewingof the stimulus although the stimulus was only displayed
on the monitor when the observer’s head was translating
in the direction being tested in that particular trial. Observ-
ers reported the perceived depth-phase of the stimulus in
that trial using a key-press that ended the trial. No feed-
back was given to the observers. Observers repeated the
motion parallax procedure twice for each eye.
For each observer, four diﬀerent motion parallax
thresholds were determined: two for each of the observer’s
eyes, each corresponding to the direction of head transla-
tion during which the motion parallax stimulus was pre-
sented. The thresholds for the two repetitions were
averaged. Thresholds were calculated from the average dis-
parity equivalence from the last 10 (of 13) reversals in the
staircase paradigm. In cases when the observer took the
staircase to the ceiling (20 min DE) or to the ﬂoor (1 min
DE), the ceiling or ﬂoor values were used as the threshold
estimate.
2.1.5. Pursuit eye movements
Pursuit eye movements were measured as observers
tracked a small dot that translated laterally across the mon-
itor face with a sinusoidal velocity proﬁle. Two peak veloc-
ities were tested: 11 and 22 d/s. The head movement device
was ﬁxed in the center position providing a stationary
headrest for the observer. Following a brief calibration
procedure, the observer viewed two cycles of dot transla-
tion. Each eye was recorded independently while the other
eye was patched.
Four pursuit gain values were calculated for each obser-
ver. Details of the pursuit gain analysis are given in Nawrot
et al. (2004). Brieﬂy, the velocity of the pursuit eye move-
ment was compared to the velocity of the target movement
for the central section of the target path, excluding the end
sections where the target was slowing, reversing direction,
and accelerating. Gain was computed by the ratio of eye
velocity/target velocity. Average pursuit gain was com-
puted separately for NT and TN eye movements. A pursuit
gain value near 1 indicates accurate pursuit. A gain value
less than 1 indicates less acurate pursuit, where the eye
velocity is less than the target velocity.
2.1.6. TVOR eye movements
TVOR eye movements were measured in complete
darkness as the observer’s head translated from side-to-
side. Head movements were recorded with the same head
movement device used in the motion parallax paradigm.
Following a brief calibration procedure, each trial began
with the observer ﬁxating a spot at the center of the
computer monitor. Prior to the observer initiating a head
movement, the monitor was extinguished and a black
drape was lowered over the monitor face to prevent
any residual glow from the monitor. Observers were
instructed to maintain their gaze on the remembered
position of the ﬁxation spot during the head translations.
Each eye was recorded independently while the other eye
was patched.
T
ab
le
1
B
as
ic
vi
su
al
sc
re
en
in
g
in
fo
rm
at
io
n
,
m
o
ti
o
n
p
ar
al
la
x
th
re
sh
o
ld
s,
an
d
p
u
rs
u
it
ga
in
va
lu
es
fo
r
th
e
se
ve
n
es
o
tr
o
p
ic
o
b
se
rv
er
s
O
b
s.
E
ye
A
cu
it
y
(1
0
ft
)
C
o
n
tS
en
s
(l
o
g)
R
an
d
o
t
(s
)
S
te
re
o
-F
ly
(s
)
M
P
T
N
(m
in
)
M
P
N
T
(m
in
)
11
d
/s
T
N
(g
ai
n
)
11
d
/s
N
T
(g
ai
n
)
22
d
/s
T
N
(g
ai
n
)
22
d
/s
N
T
(g
ai
n
)
T
V
O
R
T
N
(g
ai
n
)
T
V
O
R
N
T
(g
ai
n
)
1
O
D
20
/8
0
1.
95
20
1
0.
45
0.
55
0.
24
0.
4
0.
81
0.
88
O
S
20
/1
6
1.
95
20
0
20
0
1
18
.2
0.
86
0.
46
0.
51
0.
39
0.
84
*
2
O
D
20
/2
0
1.
95
1
1
0.
95
0.
87
0.
99
0.
92
*
*
O
S
20
/8
0
1.
5
70
14
0
1
1
0.
97
0.
86
0.
97
0.
79
0.
86
0.
91
3
O
D
20
/2
0
1.
65
20
20
0.
75
0.
77
0.
53
0.
6
0.
89
0.
84
O
S
20
/6
0
1.
65
70
20
0
20
18
.2
0.
76
0.
69
0.
69
0.
67
0.
86
0.
82
4
O
D
20
/1
6
1.
5
1
1
0.
92
0.
85
0.
75
0.
79
0.
79
0.
85
O
S
20
/2
5
1.
65
70
10
0
1
1
0.
9
0.
88
0.
82
0.
7
0.
87
0.
84
5
O
D
20
/3
0
1.
65
5.
8
10
.5
0.
72
0.
64
0.
63
0.
79
0.
87
0.
83
O
S
20
/1
6
1.
5
14
0
40
0
11
.7
12
.7
0.
89
0.
79
0.
55
0.
71
0.
85
0.
81
6
O
D
20
/2
0
1.
65
1
20
0.
89
0.
92
0.
79
0.
79
0.
82
0.
84
O
S
20
/3
0
1.
5
40
40
1
20
0.
96
0.
96
0.
91
0.
87
0.
91
0.
91
7
O
D
20
/1
6
1.
65
1
14
.1
0.
84
0.
94
0.
9
0.
9
*
*
O
S
20
/1
6
1.
5
30
40
1
9.
2
0.
98
0.
94
0.
97
0.
9
0.
82
0.
91
*
S
ig
n
iﬁ
es
m
is
si
n
g
d
at
a.
M. Nawrot et al. / Vision Research 48 (2008) 799–808 803Details of the TVOR (dark) gain analysis are given in
Nawrot et al. (2004). Brieﬂy, the velocity of the TVOR
eye movement was compared to the expected velocity of
the eye movement needed to maintain ﬁxation for the
recorded head movement. The analysis was restricted to
the central 6 degree VA section of the expected eye move-
ment, excluding the end sections where the observer’s head
was slowing, reversing direction, and accelerating. Gain
was computed by the ratio of eye velocity/expected velocity
based on head movement. Average TVOR gain was com-
puted separately for NT and TN eye movements. TVOR
gain tends to be higher for faster head translations and
for closer ﬁxation distances (see Nawrot, 2003b for a more
detailed explanation).
2.2. Results
Basic visual screening data, motion parallax thresholds,
and pursuit and TVOR gain values are shown in Table 1.
Most observers show an interocular diﬀerence in acuity
and contrast sensitivity, and elevated thresholds in the
Randot and Stereo-Fly stereo screening tasks compared
to norms.
Overall, lower pursuit gain values were signiﬁcantly cor-
related with higher motion parallax thresholds for both
11 d/s pursuit (r = .421, df = 26, p < .05) and 22 d/s pur-
suit (r = .415, df = 26, p < .05). Of course, there was a
large range of performances, both in pursuit and motion
parallax due mostly to the expected amblyopic asymmetry.
With regard to displaying the pursuit asymmetry, the
observers fell into three distinct groups having diﬀerent
patterns of performance.
First, a single observer (Subject 3 in Table 1) showed no
pursuit asymmetry in either eye and showed low pursuit
gain overall with a mean gain = 0.74 at 11 d/s, and mean
gain = 0.62 at 22 d/s. Motion parallax thresholds tracked
towards the staircase ceiling for both NT and TN trials
in both eyes.
In the second pattern, two observers (Subjects 2 and 4 in
Table 1) showed no pursuit asymmetry in either eye and
showed normal pursuit gains in both NT and TN direc-
tions. An example of these eye movements is shown in
Fig. 2 for the 11 d/s target. The top panel shows eye posi-
tion over time for the left eye of one observer. The lower
panel shows the gain, the ratio of eye velocity/target veloc-
ity. In this example the average gain is close to 1 for both
directions of eye movement (NT = 1.1, TN = 1.05). More-
over, these two observers had normal motion parallax
thresholds, with no asymmetry, taking the psychophysical
staircase to the ﬂoor for both NT and TN trials.
The third group, four observers with eight eyes, showed
the expected asymmetry in both pursuit and motion paral-
lax. For the 11 d/s pursuit target, these eight eyes had an
asymmetry with mean TN gain = 0.84 and a mean NT
gain = 0.76, (t(7) = 1.9, p < .05, r = .79). An example of
this asymmetry is shown in Fig. 3, for the left eye of one
observer. Shown is the gain for NT and TN eye move-
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Fig. 2. The top panel shows an eye movement recording made from the
left eye of one observer. The vertical axis shows horizontal position and
the horizontal axis indicates time in seconds. Eye position is indicated with
the thick line while target position is shown with the thin line. NT
indicates a nasal-temporal eye movement, and TN indicates a temporal-
nasal eye movement. The lower panel shows the pursuit gain values from
the ratio of eye velocity/target velocity. These eye movements and gain
values show no asymmetry and appear normal.
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thresholds in minutes of DE. The error bars show one standard error.
With pursuit in the TN direction (normal pursuit gain) the thresholds are
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eye movements had a lower average gain (NT gain = 0.55)
than the TN eye movements (TN gain = 1.01). This is the
expected pursuit asymmetry in amblyopic observers. These
eight eyes showed a distinct asymmetry for the 22 d/s pur-
suit target, mean TN gain = 0.74 and a mean NT
gain = 0.67, (t(7) = 3.5, p < .01, r = .99).One eye in Subject 1 showed a reversal of this NT–TN
asymmetry, displaying normal NT pursuit and an abnor-
mal TN pursuit. Even though this eye’s asymmetry was
opposite the expectation, and opposite the seven other
eyes, the expected inﬂuence of the abnormal pursuit on
motion parallax thresholds was still observed as the motion
parallax asymmetry was reversed as well. While the direc-
tion of both the pursuit and motion parallax asymmetry
was reversed, the relationship remained the same as with
the other eyes. To simplify this presentation, the results
from this one eye were reversed and included in the follow-
ing analyses.
The motion parallax thresholds from these eight eyes
show a signiﬁcant asymmetry (t(7) = 5.0, p < .001). For
motion parallax stimuli shown when the observer made
TN pursuit, the mean threshold was 2.9 (SE = 1.4) min
DE. However, when the motion parallax stimulus was
shown when the observer was making NT pursuit, the
mean threshold was 15.6 (SE = 1.6) min DE (Fig. 4).
This asymmetry is especially startling when one consid-
ers that observers alternated between NT and TN trials in
an interleaved staircase (Fig. 5). In this example the obser-
ver had no diﬃculty when the stimulus was shown with TN
eye movements, but had great diﬃculty when the stimulus
was shown, just seconds later during the next trial, when
the observer was making NT eye movements.
The TVOR gain values are shown in the right two col-
umns of Table 1. Missing data are indicated by an asterisk.
In these ﬁve cases, the observer either failed to generate
acceptable calibration (r > .96), or failed to maintain rea-
sonable ﬁxation on the imagined ﬁxation point in complete
darkness while making the lateral head translation. A
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Fig. 5. Shown is a plot of the two interleaved staircases from one
observer. The vertical axis the DE of the displayed stimulus, and the
horizontal axis shows the trial number. Grey symbols indicate when the
motion parallax stimulus was presented during a TN eye movement, black
symbols indicate when the stimulus was presented during a NT eye
movement. Circles indicate the observer reported the correct depth-phase,
triangles indicate the observer reported the incorrect depth-phase. The
observer quickly took the TN eye movements to the staircase ﬂoor (good
performance) and the NT eye movements to the staircase ceiling (poor
performance).
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shows no indication of an asymmetry (t(10) = 0.522, p(one-
tail) = .31). Moreover, the average TVOR gain values are
similar to those for normal observers in similar conditions
(Nawrot et al., 2004). Therefore, it appears that TVOR is
not aﬀected by esotropia and is not a factor in the asym-
metrical motion parallax found in this study. Instead, the
asymmetric pursuit eye movement component was the
most reasonable cause of the motion parallax asymmetry
found in some of these esotropic observers.2.3. Conclusion
This experiment documented that eight eyes in four of
our esotropic observers had normal pursuit eye movements
in one direction, and imperfect pursuit in the opposite
direction. When making eye movements in the direction
for which eye movements were normal, these esotropic
observers exhibited normal motion parallax. However,
when making eye movements in the opposite, low gain,
direction, these esotropic observers had diﬃculty with the
perception of depth from motion parallax. This link
between abnormal pursuit and abnormal motion parallax
is consistent with the idea that the pursuit system provides
a crucial extra-retinal signal to the neural mechanisms
responsible for the perception of unambiguous depth from
motion parallax.
However, one reasonable alternative explanation is that
this motion parallax deﬁcit is due to increased retinal slip
created by inadequate pursuit. If pursuit velocity is less
than stimulus window velocity, then the entire stimuluswindow will move on the retina. This is retinal slip. The
fundamental purpose for pursuit eye movements is to pre-
serve visual acuity by eliminating any retinal slip of foveat-
ed objects. In the case of esotropia, perhaps reduced visual
acuity due to retinal slip is responsible for the motion par-
allax deﬁcit, not some disruption of the hypothetical inter-
nal processing deﬁcit related to the poor integrity of the
neural signal about pursuit direction required for motion
parallax. The next experiment seeks to determine whether
the motion parallax deﬁcit can be explained by a ‘‘periph-
eral deﬁcit” due to the increased retinal slip generated by
low gain pursuit eye movements while viewing the motion
parallax stimulus. That is, are these deﬁcits in the percep-
tion of depth from motion parallax due to an internal pro-
cessing deﬁcit related to the poor integrity of the pursuit
signal required for motion parallax, or are these more
peripheral deﬁcits due to the increased retinal slip gener-
ated by low gain pursuit eye movements while viewing
the motion parallax stimulus?3. Experiment 2
If retinal slip causes the deﬁcit in the perception of depth
from motion parallax related to abnormal pursuit in eso-
tropia (Experiment 1), or related to ethanol intoxication
(Nawrot et al., 2004), then a stimulus design that creates
similar retinal slip should raise motion parallax thresholds
in normal observers. This was accomplished in the two
conditions of the following experiment by separating the
motion of the ﬁxation point from the movement of the
stimulus window.3.1. Methods
3.1.1. Participants
Six observers with normal vision participated in the ﬁrst
condition. Four of the observers were naı¨ve with regard to
the hypotheses. Four of the observers from the ﬁrst condi-
tion participated in the second condition. All observers had
a history free of visual and neurological problems. All
observers had normal binocular stereopsis with stereo
thresholds of at least 40 s.3.1.2. Apparatus
The same apparatus as the previous experiment was
used. In the second condition of this experiment a remote
optics video-based eye tracker (Applied Science Laborato-
ries, Bedford, MA) was used to monitor point of gaze while
observers performed the psychophysical task. The analog
output the eye tracker control unit was connected to the
computer controlling the experimental paradigm through
an analog input line of the multifunction I/O board. Fol-
lowing the primary 9-point calibration of the eye tracking
software on the computer controlling the eye tracker, a
secondary 2-point calibration was completed on the
experimental machine. From this secondary calibration a
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time from the analog input on the experimental computer.
3.1.3. Stimuli
The eﬀect of retinal slip on motion parallax thresholds
was assessed with the same type of random-dot motion
parallax stimuli used in Experiment 1. In the second condi-
tion outlined below, the contrast of the dots was reversed
to white dots on a black background to improve eye
tracker performance by reducing illumination of the obser-
ver by the monitor.
3.1.3.1. Condition 1. In the ﬁrst condition the motion par-
allax stimulus window remained stationary in the display
screen while the observer translated his or her head from
side-to-side in the linear headrest apparatus. This is similar
to Experiment 1. However, in this condition the observer’s
ﬁxation point moved proportionally with the observer’s
head translation (1 Hz), with a ratio between 0.05 and
0.35 (7 levels) of the magnitude of the observer head trans-
lation. If the observer maintained accurate ﬁxation on this
now translating ﬁxation point, then retinal slip of the
motion parallax stimulus would be generated. This would
simulate the retinal slip of the motion parallax stimulus
generated in cases where compensatory eye movements
had a gain less than 1 (0.95–0.65). Observers were given
only 2 s of viewing (about 2 cycles of head movement)
before the stimulus was extinguished. Gain of the ﬁxation
spot movement was limited to 0.35 to ensure that some
pursuit signal was still being generated. Nawrot and Joyce
(2006; Experiment 2) showed, in similar viewing condi-
tions, that as the eye movement gain approached 0.5, the
necessary compensatory eye movements are provided by
the translational vestibular ocular response. Moreover,
they showed that in this case, in the absence of a pursuit
signal, the motion parallax stimulus becomes depth sign
ambiguous. In the current experiment this would have lead
to chance performance in the depth sign discrimination
task that was unrelated to any eﬀect of retinal slip.
The magnitude of motion parallax, the amount of depth
portrayed in the stimulus, was varied between 4 levels,
from 1 to 4 min DE. Observers reported perceived depth
sign (depth-phase judgment) of the corrugated surface
for 48 trials in each of the 28 combinations of the two
independent variables (4 levels of disparity equivalence  7
levels of ﬁxation point translation). The trials were pre-
sented in blocks of 112 trials using the method of constant
stimuli.
3.1.3.2. Condition 2. In the previous condition the lateral
head translations made it diﬃcult to assess the observers’
maintenance of ﬁxation. Perhaps, despite their best eﬀorts,
observers were unable to maintain ﬁxation on the moving
ﬁxation point, and instead ﬁxated a point on the stationary
motion parallax stimulus. If this were the case, then no ret-
inal slip would be generated and excellent performance on
the depth-phase discrimination could be expected.To document the generation of retinal slip of the motion
parallax stimulus, in the second condition an ASL video-
based eye tracker was used to monitor ﬁxation accuracy
of a stationary observer performing the same task on a
now translating motion parallax stimulus window. Because
the perception of unambiguous depth from motion paral-
lax relies on pursuit, not head movement, the translating
stimulus in this condition was depth sign unambiguous
(Nawrot & Joyce, 2006). However, the stationary head
position in the current condition allows the measurement
of observer ﬁxation performance during retinal slip
conditions.
In this condition, the stimulus window translated 18
degree back and forth across the monitor at a frequency
of 0.5 Hz. Observers were instructed to maintain ﬁxation
on a small ﬁxation point that appeared near the center of
the stimulus window. The ﬁxation point translated laterally
with the stimulus window, but at a slower velocity, between
0.9 and 0.6 (4 ﬁxation point gain levels) of the stimulus
window velocity. To enforce accurate ﬁxation, the stimulus
window was extinguished when the observer’s point of gaze
exceeded 2 degrees from the ﬁxation point. In these
instances, only the translating ﬁxation point remained on
the monitor for the observer to re-gain ﬁxation, after which
presentation of the translating stimulus window was
restored. Stimuli were presented in a staircase procedure
using similar parameters as the ﬁrst experiment with the
exception that the staircase began at 10 min of DE. Here
disparity equivalence was deﬁned in terms of stimulus win-
dow translation instead of observer head translation (Naw-
rot & Joyce, 2006). Each observer completed at least four
staircases in each of the 4 diﬀerent gain levels.
3.2. Results
In the ﬁrst condition observers had little diﬃculty per-
forming the depth-phase judgment even with small
amounts of depth and large amounts of retinal slip.
Fig. 6 shows the average group performance of the
depth-phase judgment. The vertical axis shows the percent-
age of trials with correct depth-phase judgments while the
horizontal axis denotes the amount of stimulus window
retinal slip as the ﬁxation point velocity proportion. The
four diﬀerent lines represent the diﬀerent magnitudes of
disparity equivalence (1–4 min DE) that were depicted in
the motion parallax stimulus window. The retinal slip
created within the parameters of the ﬁrst condition
had no eﬀect on the observers’ ability to correctly perform
the depth-phase judgment. This was true even with very
small amounts of depth portrayed in the stimulus (1 min
DE).
In the second condition, every staircase, for every obser-
ver, ended at the ﬂoor value of 1 min DE. Observers made
few errors reporting the depicted depth-phase and had few
reversals in the staircases. In this condition the stimulus
window translated at a velocity of 18 d/s. In the most
extreme case with a pursuit gain of 0.6, pursuit velocity
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Regardless, observers could correctly perform the depth-
phase judgement with just small amounts of stimulus
disparity.
3.3. Conclusion
The current experiment separated the eﬀects of defec-
tive pursuit from the eﬀects of increased retina slip.
Observers in this experiment had normal intact pursuit
eye movements. Here the intact pursuit was used to gener-
ate retinal slip, rather than to eliminate it. In both condi-
tions, retinal slip had no signiﬁcant eﬀect on the
perception of depth from motion parallax. This result sug-
gests that retinal slip does not explain deﬁcits in the per-
ception of depth from motion parallax tied to imperfect
pursuit. Instead, it appears that a faulty pursuit signal
plays a more direct role in the motion parallax deﬁcits.
Exactly how pursuit dysfunction disrupts the unambigu-
ous perception of depth from motion parallax remains
to be determined.
When pursuit fails to maintain ﬁxation on a moving tar-
get, the visual system assess and corrects this deﬁciency by
disengaging the pursuit system and engaging the higher
velocity saccadic system to jerk the eyes back onto target.
This means that the visual system has some capacity to
determine when the pursuit signal has reached some stan-
dard of inadequacy. If this is true, perhaps the visual sys-
tem also prevents other systems from using the pursuit
signal in such instances. Another alternative is that the dis-
engagement of the pursuit system and engagement of the
saccadic system is enough to disrupt the internal pursuit
signal necessary for the perception of depth from motion
parallax. Another alternative is that the motion parallax
deﬁcit is a result of a disruption in common early neural
sensory-motor process that generates the low gain pursuit.
The current experiment suggests only that the deﬁcit is not
due to increased retinal slip.50%
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Fig. 6. Shown is the average performance on the depth-phase discrimi-
nation task with diﬀerent magnitudes of retinal slip (horizontal axis) and
diﬀerent magnitudes of depth portrayed in the stimulus (symbols). There
was no change in performance with increased retinal slip.4. Discussion
The perception of unambiguous depth from motion par-
allax appears to require that the visual system have access
to an uncompromised pursuit signal. Previously, Nawrot
et al. (2004) showed that disruption of pursuit through eth-
anol intoxication was suﬃcient to interfere with the percep-
tion of depth from motion parallax. The current study
provides further support for the pursuit theory of motion
parallax by showing that the motion parallax deﬁcit is spe-
ciﬁcally linked to low gain pursuit in esotropic observers
exhibiting asymmetric pursuit.
Esotropic observers have normal pursuit eye movements
in one direction, and imperfect pursuit in the opposite
direction. When making eye movements in the direction
for which they are normal, esotropic observers have nor-
mal motion parallax. However, when making eye move-
ments in the direction for which they have low gain,
esotropic observers have diﬃculty with motion parallax.
This link between abnormal pursuit and abnormal motion
parallax is consistent with the idea that the pursuit system
provides a crucial extra-retinal signal to the neural mecha-
nisms responsible for the perception of unambiguous depth
from motion parallax.
Moreover, the current results provide an important rein-
terpretation of Thompson and Nawrot (1999) by suggest-
ing that esotropic observers do have some ability to
perceive depth from motion parallax. Instead of a global
deﬁcit in depth perception, esotropes appear to have a def-
icit in motion parallax due speciﬁcally to their partially
abnormal, asymmetric pursuit. While motion parallax
and stereopsis may indeed rely on common central mecha-
nisms, this is not the only explanation for the motion par-
allax deﬁcit in esotropia. The explanation for the
constellation of depth perception deﬁcits found in esotro-
pia is likely to be more involved.
A complete explanation should include a link between
asymmetric pursuit and depth perception. In neonates,
pursuit eye movements and depth perception appear to
emerge in close succession. Like esotropes, infants show
asymmetries in both OKR and pursuit eye movements,
but these asymmetries are resolved by about 4 months of
age (Aslin & Johnson, 1996; Jacobs, Harris, Shawkat, &
Taylor 1997). This is slightly later than the age that pursuit
gain is beginning to look mature (3 months) (Phillips, Fin-
occhio, Ong, & Fuchs, 1997; Rosander & von Hofsten,
2002; von Hofsten & Rosander, 1997). About this age (3
months) infants are becoming sensitive to the diﬀerential
or sheering motion present in motion parallax (Yonas &
Granrud, 1984) and they perceive at least ambiguous
three-dimensional shape from kinetic displays by 4 months
(Arterberry and Yonas; 1988; Kellman, 1984; Kellman &
Short, 1987; Yonas, Arterberry, & Granrud, 1987). Simi-
larly, 4 months is the median age that binocular stereopsis
is beginning to develop (Fox, Aslin, Shea, & Dumais, 1980;
Held, Gwiazda, Brill, Mohindra, & Wolfe, 1979). More
recently, Nawrot et al. (submitted for publication) have
808 M. Nawrot et al. / Vision Research 48 (2008) 799–808suggested that infants are beginning to discriminate unam-
biguous depth from motion parallax at about 14 weeks of
age. The similar developmental time courses and the inter-
actions for depth perception suggest some important, but
poorly understood, links between pursuit eye movements,
motion parallax, and binocular stereopsis. Knowing the
link between pursuit and motion parallax may help us
understand the development of normal depth perception,
and what goes wrong in esotropia.Acknowledgment
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